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Edited by Horst FeldmannAbstract Cch1p and Mid1p are components of a high-aﬃnity
Ca2+-permeable channel in the yeast plasma membrane. Here,
we show that growth of mutants in the Cch1pMid1p channel is
markedly hypersensitive to low temperature and to high iron con-
centration in the medium. Both phenotypes were suppressed by
high Ca2+ concentration. Iron stress elicited an increased Ca2+
inﬂux into both wild type and cch1Dmid1D yeast. Inhibition of
calcineurin strongly depressed growth of iron-stressed wild type
yeast, indicating that calcineurin is a downstream element of
the iron stress response. Iron hypersensitivity of the cch1Dmid1D
mutant was not associated with an increased iron uptake. An
involvement of oxidative stress in the iron-hypersensitive pheno-
type was indicated by the ﬁndings that the antioxidants tocophe-
ryl acetate and (ethyl)glutathione improved growth and viability
of the iron-stressed mutant. Further, the degree of glutathione
oxidation was increased in the presence of iron. The results indi-
cate that iron stress leads to an increased oxidative poise and
that Cch1pMid1p is essential to tolerate this condition.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Saccharomyces cerevisiae1. Introduction
A wide range of developmental and stress signals is trans-
duced into cellular responses through elevation of cytosolic
free Ca2+ ([Ca2+]cyt) [1,2]. In many cases, these changes in
[Ca2+]cyt are elicited through opening of plasma membrane
Ca2+-permeable channels that serve to catalyze inﬂux of
Ca2+ down its electrochemical potential. In yeast, Ca2+ inﬂux
from the external medium into the cytosol has been shown
to be elicited by hypertonic shock, hypotonic shock, cold
stress, and salt stress [3,4]. The identity of the Ca2+ entry path-
way has been a matter of speculation. The yeast plasma mem-
brane contains a protein, Cch1p, with high homology to the a1
pore-forming subunit of animal L-type voltage-gated Ca2+
channels [5,6]. Cch1p interacts with a second subunit, Mid1p,*Corresponding author. Fax: +44 1904 328666.
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doi:10.1016/j.febslet.2005.09.058to catalyze high-aﬃnity Ca2+ inﬂux into yeast [7,8]. In Ca2+-
rich medium, deletion of either the MID1 or the CCH1 gene
or both fails to result in an apparent phenotype. However, in
selective drop out (SD) medium with low [Ca2+] mid1D or
cch1D mutants grow less vigorously, exhibit lower Ca2+ inﬂux
[9], and mat a strains are killed by the mating pheromone a
factor [5,8]. In wild type cells, exposure to a factor stimulates
Ca2+ inﬂux and thereby increases [Ca2+]cyt [10]. Pheromone
exposure is lethal to wild type yeast in Ca2+-free media [10],
suggesting that a factor-induced Ca2+ inﬂux via the
Cch1pMid1p Ca2+ channel increases [Ca2+]cyt that in turn acti-
vates a response pathway.
Given the importance of [Ca2+]cyt signaling in stimulus–re-
sponse coupling, it is surprising that only a limited number
of Ca2+ inﬂux-dependent stress response pathways have been
identiﬁed so far in yeast. We used cch1D and mid1D mutants
defective in Ca2+ uptake from the external medium to search
for environmental stimuli inducing a Ca2+-dependent stress re-
sponse in which the Cch1pMid1p channel is involved. Two
new phenotypes were identiﬁed: hypersensitivity to iron and
to cold stress. Whereas cold stress has been shown previously
to induce a continuous rise of [Ca2+]cyt [3], a possible involve-
ment of Ca2+ signaling in iron tolerance has not been sus-
pected hitherto.
Iron toxicity may be caused by direct ionic eﬀects, such as
interference in the transcriptional machinery [11]. Being an
eﬀective catalyst of the Fenton reaction, iron has also been
demonstrated to induce the formation of the highly reactive hy-
droxyl (OH) radical [12]. Here, we show that iron-induced cell
death in the cch1Dmid1D yeast mutant is not due to increased
iron uptake, but associated with an increased oxidative poise.2. Materials and methods
2.1. Strains, plasmids, and media
The parental Saccharomyces cerevisiae strain used in this study was
JK9-3da (MATa, leu2-3, 112, his4, trp1, ura3-52, rme1, HMLa). Single
and double mid1D and cch1D mutants were derived from this strain by
replacing the MID1 and CCH1 genes by a Kan-MX cassette [5]. Ab-
sence of transcript in deletion strains was conﬁrmed by real-time
RT-PCR analysis. Yeast strains were grown in synthetic drop-out
(SD) media [13] supplemented with the appropriate amino acids, con-
centrations of which were three times those given in [13]. Media con-
tained 20 g L1 glucose unless indicated otherwise. As determined by
ICP-OES, SD medium without added calcium contained 0.1 lM Ca2+.
2.2. Growth and viability assays on plates and in liquid
For drop assays, yeast strains were grown overnight in SD medium
containing 1 mM Ca2+ to a density of 107 cells mL1, centrifuged,
resuspended to 1 · 107 or 2.5 · 107 cells mL1, and diluted 10-, 100-ation of European Biochemical Societies.
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8 g L1 low-Ca2+ agarose (Fluka 05071) containing supplements as
indicated. Plates were incubated at 30 C unless indicated otherwise.
Growth and viability in liquid culture were quantiﬁed as follows: Yeast
was grown overnight in SD medium containing 1 mM Ca2+ to a den-
sity of 1 · 107 cells mL1. Cells were washed once with SD medium
containing 0.1 mM Ca2+, resuspended to 2.5 · 106 cells mL1 in SD
medium containing Ca2+, Fe2+, and supplements as indicated in Fig-
ures, and incubated shaking (160 rpm) at 30 C. Supplementary Fe2+
was added after autoclaving as freshly prepared sterile-ﬁltered 1 M
FeCl2 (Fluka 44939) solution. If used, 2 mg L
1 FK506 (Calbiochem,
Nottingham, UK) was added as 1000· stock in DMSO. Controls con-
tained solvent only. At the time points indicated, aliquots of the cul-
ture were removed and dead cells were stained with 0.5 mg L1
propidium iodide [14]. Numbers of total and dead cells were counted
in duplicate using a haemacytometer (Improved Neubauer).
2.3. Radiometric quantiﬁcation of iron and calcium uptake
Yeast cells growing exponentially in SD medium were harvested by
centrifugation, washed, and resuspended to a density of
108 cells mL1. After addition of 55FeCl2 (50 kBq mL
1; speciﬁc activ-
ity 185 GBq g1) or 45CaCl2 (50 kBq mL
1; speciﬁc activity 1015 GBq
g1) the cells were incubated with shaking for 20 min at 20 C. 1 mL
samples were ﬁltered through cellulose nitrate ﬁlters (Millipore HA;
0.45 lm) and washed with 30 mL of ice-cold washing medium
(5 mM FeCl2 or 10 mM CaCl2, 300 mM sorbitol, respectively). Filters
were dissolved in scintillation cocktail (Ultima Gold, Perkin–Elmer,
Beaconsﬁeld, UK) and radioactivity was determined by liquid scintil-
lation counting. Initial experiments showed that uptake rates were lin-
ear for at least 20 min.
2.4. Quantiﬁcation of oxidised and reduced glutathione in yeast cells
Yeast was grown shaking (30 C) in SD medium (1 mM Ca2+) to a
cell density of 1 · 107 cells mL1. Cells were washed once with SD
medium, resuspended to 2.5 · 106 cells mL1 in SD medium contain-
ing Ca2+ and Fe2+ as indicated, and further incubated for 5 h.Fig. 1. Cch1p and Mid1p are required for growth at low temperature. (A) P
added), 0.1, or 10 mM CaCl2. Plates were incubated at 30 and 10 C, and sc
Growth (left) and viability (right) of wild type (d,s) and cch1Dmid1Dmutan
Ca2+ (d, m). Inserted table shows doubling times calculated by linear regressi
experiments.10 mL of culture were harvested by centrifugation and total and re-
duced glutathione were determined by the GSSG-glutathione reduc-
tase cycling assay [15], with adaptations for yeast [16].3. Results and discussion
3.1. Cch1pMid1p-mediated Ca2+ inﬂux is essential for cold and
iron stress tolerance
CCH1 and MID1 are thought to encode subunits of a high-
aﬃnity Ca2+ channel located in the yeast plasma membrane
[5,6,8]. To explore the role of Cch1pMid1p-mediated Ca2+ in-
ﬂux in novel stress response pathways we used strains devoid
of these proteins. Cold stress induces an increase of [Ca2+]cyt
in yeast [3]. We suspected that this Ca2+ inﬂux is essential
and examined growth of cch1D and mid1D single and
cch1Dmid1D double mutants at low temperature (Fig. 1A).
At 30 C, growth of the mutants was comparable with that
of the wild type. In contrast to the wild type, growth of the mu-
tants on low [Ca2+] solid SD media was severely impaired at
10 C. The cold-sensitivity of the cch1Dmid1D mutant also
manifested itself in higher doubling times and increased cell
death of liquid cultures grown at 10 C (Fig. 1B). The notion
that Cch1p and Mid1p are subunits of a single channel [7]
was supported by the fact that the cch1Dmid1D double mutant
was not more sensitive to the imposed stress than the single
mutants. However, the cch1D mutant appeared to be slightly
more cold-sensitive than the mid1D and cch1mid1D mutants.
This was conﬁrmed with liquid cultures grown at 10 C, where
the doubling time of cch1D (81.5 ± 5.0 h) was higher than that
of mid1D (49 ± 0.8 h) and cch1Dmid1D (49 ± 2.2 h). The sub-late assay. Yeast was spotted onto SD agarose plates containing 0 (no
anned after 3 days and 17 days, respectively. (B) Liquid growth assay.
t (m,n) yeast in SD medium containing 0.1 mM Ca2+ (s,n) or 10 mM
on of individual growth curves. Values are the means ± S.E.M. of three
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of Cch1p, expression of Mid1p can exert a negative eﬀect, per-
haps through interaction with another protein.
The cold-sensitive phenotype was partially suppressed by
addition of 10 mM Ca2+ (Fig. 1A and B). This can be ex-
plained by the presence of an alternative, so far unidentiﬁed,
Ca2+ inﬂux pathway which has a lower Ca2+ aﬃnity than
Cch1pMid1p [9]. Although high external Ca2+ concentration
restored growth of the mutant, it was not able to prevent cell
death during prolonged periods of cold stress (Fig. 1B).
In a search for further stress response pathways requiring
Ca2+ inﬂux through the Cch1pMid1p channel we exposed
cch1D, mid1D, and cch1Dmid1D mutants to cation stress. For
most divalent ions tested (Mg2+, Sr2+, Ba2+, Mn2+, Co2+,
Ni2+, Cu2+, Zn2+, Cd2+, Pb2+) the sensitivities of mutants
and wild type did not diﬀer (data not shown). However, expo-
sure to 10 mM Fe2+ on solid SD media containing 0.1 mM
Ca2+ abolished growth of the mutants almost completely,
but did not aﬀect the wild type (Fig. 2A). As with the cold
stress phenotype, the cch1Dmid1D double mutant was notFig. 2. Cch1p and Mid1p are required for growth at high iron concentration.
(no added), 0.1, or 10 mMCaCl2 and 0, 1, or 10 mM supplementary Fe
2+. Pla
assay. Growth (left) and viability (right) of wild type (upper panel) and cch1
Ca2+ (d, s) or 10 mM Ca2+ (m, n) and supplemented with no (s, n) or 1
linear regression of individual growth curves. Values are the means ± S.E.Mmore sensitive to iron stress than the single mutants and addi-
tion of 10 mM Ca2+ almost completely abolished the iron
hypersensitivity.
To examine the eﬀect of iron stress on cell death, yeast was
grown in liquid SD media (Fig. 2B). Under these conditions,
the cch1Dmid1D mutant stopped growing after 7.5 h. As dem-
onstrated previously [5], cell death of the cch1Dmid1D mutant
was increased by low [Ca2+] in the medium. Iron stress caused
a further increase in mortality (Fig. 2B). Both, growth arrest
and cell death were alleviated by supplementing the medium
with 10 mM Ca2+. To determine whether there are interactions
between the cold and iron stress responses, we tested whether
exposure to cold stress aﬀected the tolerance to iron stress and
vice versa. At 10 C, wild type growth was severely compro-
mised by the presence of 1 mM Fe2+ and growth of the mu-
tants was completely abolished at this concentration (data
not shown). Rescue of the mutant phenotype by 10 mM
Ca2+ was only partial, demonstrating that cold and iron stress
act additively with respect to Ca2+ dependence for stress sur-
vival.(A) Plate assay. Yeast was spotted onto SD agarose plates containing 0
tes were incubated at 30 C and scanned after 3 days. (B) Liquid growth
Dmid1D mutant (lower panel) yeast in SD medium containing 0.1 mM
0 mM Fe2+ (d, m). Inserted tables show doubling times calculated by
. of ﬁve experiments.
Fig. 3. Inﬂux of 45Ca2+ is increased during iron stress. (A) 1 mM Fe2+
was either included in growth and uptake media (long-term Fe) or
added immediately prior to addition of the radioisotope (short-term
Fe). Black bars: wild type, hatched bars: cch1Dmid1D mutant. Values
are the means ± S.E.M. of six experiments. (B) The cch1Dmid1D
mutant was grown for 3 h in medium containing 0.1 or 10 mM Ca2+
and supplemented with no (black bars) or 1 mM Fe2+ (hatched bars)
before uptake of 45Ca2+ from the same media was determined. Values
are the means ± S.E.M. of four experiments.
Fig. 5. Iron uptake is unaltered in the cch1Dmid1D mutant. 55Fe
uptake by exponentially growing cultures of wild type (black bars) and
cch1Dmid1D mutant (crossed bars) from SD medium containing Ca2+
as indicated and no (A) or 1 mM (B) supplementary Fe2+. Values are
the means ± S.E.M. of seven experiments.
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in facilitating growth at potentially toxic concentrations of
iron was further investigated. One possibility is that iron stress
induces an enhanced Ca2+ inﬂux which is involved in ironFig. 4. Inhibition of calcineurin by FK-506 aﬀects iron-stressed wild type y
medium containing 0.1 mM Ca2+ (d, s) or 10 mM Ca2+ (m, n) and supplem
2 lg mL1 FK506 (lower panel). Inserted tables show doubling times calcu
means ± S.E.M. of four independent experiments.stress signaling. We tested this possibility by radiometric mon-
itoring of Ca2+ inﬂux in response to iron. In accord with pre-
vious studies [5–7], Ca2+ uptake was substantially decreased in
the cch1Dmid1D mutant (Fig. 3A). Ca2+ uptake was stimulated
by a factor of about two by including Fe2+ in the culture med-
ium, and also by adding Fe2+ at the start of the uptake exper-east. Growth (left) and viability (right) of liquid yeast cultures in SD
ented with no (s, n) or 10 mM Fe2+ (d, m) and no (upper panel) or
lated by linear regression of individual growth curves. Values are the
E. Peiter et al. / FEBS Letters 579 (2005) 5697–5703 5701iment (Fig. 3A). Interestingly, iron stress also increased the
residual Ca2+ uptake in the cch1Dmid1D mutant. Hence both
Cch1pMid1p and an alternative pathway are activated by iron.
The rapidity of the response to iron suggests that its eﬀects on
Ca2+ uptake are manifested, at least in part, post-translation-
ally.
Ca2+ uptake by the cch1Dmid1D mutant was eight-fold in-
creased by raising the [Ca2+] in the medium from 0.1 to
10 mM (Fig. 3B). The increased Ca2+ uptake from high
[Ca2+] medium was further stimulated by iron stress. This sup-
ports the notion that enhanced Ca2+ inﬂux compensates for
the reduced Ca2+ uptake capacity in the mutant.
The observation that Ca2+ inﬂux through Cch1pMid1p pro-
tects yeast cells against iron toxicity strongly suggests the pres-
ence of a Ca2+-dependent iron stress response pathway. The
Ca2+- and calmodulin-dependent protein phosphatase calci-
neurin has been shown in yeast to be a common link in a num-
ber of Ca2+-based signaling pathways [4,17] and also to aﬀect
cytosolic Ca2+ homeostasis by feedback-regulation of Ca2+
transporters [9,18]. Accordingly, growth of FK506-inhibited
cells was found to be hypersensitive to iron stress (Fig. 4). High
[Ca2+] did not increase the growth of the iron-stressed FK506-
inhibited cells. In contrast to growth, cell death of FK506-
inhibited cells was not exacerbated by iron stress. Addition
of 10 mM Ca2+ alleviated FK506-induced cell death of bothFig. 6. The involvement of oxidative stress in the iron-hypersensitive phen
oxidants. Wild type and cch1Dmid1D yeast was spotted onto SD agarose pl
paraquat (0.5 mM), or no oxidant. (B, C) The iron-hypersensitive phenotype o
Yeast was spotted onto SD agarose plates containing 0.1 mM Ca2+, 10 mM
oxidised glutathione (5 mM) or no supplement. (C) Liquid growth assay. Yeas
with no (s, n) or 10 mM Fe2+ (d, m) and no (d, s) or 10 mM ethyl glutat
regression of individual growth curves. Values are the means ± S.E.M. of ﬁviron-stressed and unstressed cells. These results suggest that
calcineurin activation is necessary to maintain growth under
iron stress, whereas mechanisms to prevent iron-induced cell
death are calcineurin-independent.
3.2. The nature of iron hypersensitivity of the cch1Dmid1D
mutant
A range of possible mechanisms for the iron hypersensitivity
of the cch1Dmid1D mutant is conceivable. As in the AFT1-1up
mutant [11], deregulation of iron uptake systems may have
caused iron overload. However, radiometric ﬂux studies with
55Fe2+ showed that iron inﬂux was similar in wild type and
mutant, both at low iron concentration and from medium sup-
plemented with 1 mM Fe2+ (Fig. 5). Interestingly, in both mu-
tant and wild type, iron inﬂux was decreased by raising [Ca2+]
to only 0.1 mM. It remains to be examined whether this is due
to a direct eﬀect of Ca2+ on the low-aﬃnity iron transport
system.
We suspected that intracellular iron metabolism or compart-
mentation may be disrupted in the cch1Dmid1Dmutant. Iron is
a redox-active transition metal and catalyzes the formation of
highly reactive hydroxyl radicals from H2O2 in the Fenton
reaction [12]. Mutants in several genes whose products are in-
volved in cellular iron homeostasis (e.g., Aft1p and Aft2p [19],
Yhf1p [20], Sod1p [21,22]) are therefore hypersensitive to oxi-otype. (A) The cch1Dmid1D mutant is not hypersensitive to various
ates containing 0.1 mM Ca2+, and H2O2 (2 mM), diamide (0.75 mM),
f the cch1Dmid1D mutant is alleviated by antioxidants. (B) Plate assay.
Fe2+, and tocopheryl acetate (5 mM), reduced glutathione (10 mM),
t was grown in SD medium containing 0.1 mM Ca2+ and supplemented
hione (m, n). Inserted tables show doubling times calculated by linear
e experiments.
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externally applied H2O2, and sensitivities of wild type and mu-
tant towards the thiol oxidant diamide [23] and the superoxide
generator paraquat [22] were comparable (Fig. 6A). Other re-
dox-active transition metals, such as Cu2+, have also been
implicated in oxidative stress [12,24]. On SD (0.1 mM Ca2+)
plates, growth of both wild type and cch1Dmid1D mutant
was partially depressed by 0.5 mM Cu2+, but an increased sen-
sitivity of the mutant was not observed (data not shown). It is
possible that toxicity of Cu2+ per se is apparent at concentra-
tions lower than those at which redox eﬀects would occur.
The results indicate that the iron-hypersensitive phenotype
of the cch1Dmid1Dmutant is not caused by a general hypersen-
sitivity to oxidative stress. However, because the half-life of the
hydroxyl radical is extremely short, iron-induced oxidative
damage is highly localised and dependent on the location of
the catalytic iron [12]. This idea is supported by the fact that
iron sensitivity of the cch1Dmid1D mutant was alleviated by
the antioxidant tocopheryl acetate and more so by reduced
glutathione (GSH) (Fig. 6B), which is the main antioxidant
in yeast [25–27]. The beneﬁcial eﬀect of the lipophilic tocophe-
ryl acetate indicates that iron hypersensitivity might be associ-
ated with membrane damage. Iron-induced cell death of the
mutant in liquid culture was also strongly decreased by ethyl
glutathione (EtGSH) (Fig. 6C), a highly membrane-permeable
glutathione derivative [28]. The degree of glutathione oxida-
tion is considered to be a parameter of the intracellular redox
status [25]. In both wild type and cch1Dmid1D mutant we
found this parameter to be increased by exposure of the yeast
to iron stress (Fig. 7), indicating that iron stress leads to an in-
creased oxidative poise in both strains. The direct link between
Ca2+ inﬂux and sensitivity to iron-induced oxidative stress re-
mains to be established.
3.3. A general signiﬁcance of Ca2+ in iron toxicity?
In certain conditions, all higher organisms can encounter
potentially toxic concentrations of iron. Plants growing on
waterlogged soils frequently show symptoms of iron toxicity
because the availability of iron is strongly increased under
the reducing conditions that prevail in those soils [29]. Iron
overload also plays an important role in a wide range of hu-
man disorders, and has been shown to cause or exacerbateFig. 7. Iron stress increases glutathione oxidation in wild type and
cch1Dmid1D mutant. Yeast was grown in SD medium (0.1 mM Ca2+)
supplemented with 0 (grey bars) or 10 mM Fe2+ (black bars). Total
and oxidised glutathione were determined after 5 h of treatment.
Values are the means ± S.E.M. of three experiments.neurodegenerative diseases [30], cardiopathies [31], and ische-
mic tissue injuries [32]. Iron has been shown to induce Ca2+ in-
ﬂux and raise [Ca2+]cyt in mammalian cells [33–35], but a
requirement of Ca2+ inﬂux for survival of an increased iron
load has not been suggested before. It is tempting to speculate
that enhanced Ca2+ inﬂux may represent a conserved element
in iron signaling pathways.Acknowledgement: We thank Dr. L. Gambling and Dr. H. McArdle
for providing the facilities to carry out 55Fe experiments. This work
was supported in part by grants from Zeneca, the Biotechnology and
Biological Sciences Research Council (BBSRC), and the Koerber
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